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ABSlRACrr 


There  is  now  sufficient  evidence  that  axisymmetric 
recirculation  zones  in  the  form  of  “bubbles”  on  the  axis  of 
rotation  of  a  vortex  can  be  steady-state  and  stable.  It  appears 
also  tiiat  the  majority  of  researchers  accept  these  bubbles  as  a 
form  or  a  part  of  vortex  breakdown.  However,  a  gray  area  with 
regard  to  the  definition  of  vortex  breakdown  exists  when  no 
stagnation  point  at  the  axis  of  rotation  occurs.  To  use  the 
appearance  of  such  a  stagnation  point  as  a  criterion  for  vortex 
breakdown  might  be  too  restrictive.  The  situation  becomes  even 
more  aggravated  when  an  obstacle  is  placed  on  the  axis  of 
rotation.  Are  recirculation  (or  separation)  regions  in  the  front 
and  rear  of  the  obstacle  indications  of  vortex  breakdown  or  of 
Taxfior-Proudman  columns?  This  report  addresses  some  of  the 
problems  in  context  with  vortex  control. 

ADMINISTRATIVE  INFORMATION 

This  project  was  supported  by  the  DTRC  Independent  Research 
Program,  sponsored  by  the  Office  of  the  Chief  of  Naval  Research,  and 
administered  by  the  Research  Director,  DTRC  0113,  under  Program  Element 
61152N,  Task  Area  ZR-000-01-01,  and  DTRC  Work  Unit  1802-650. 

INTRODUCnON 

Over  the  years  vortex  breakdown  has  played  an  increasing  role  in  vortex 
control:  Vortex  stabilization  in  modern  aircraft  and  gas  mixing  in  combustion 
systems  are  two  examples. Ships  and  their  appendages  are  surrounded  by 
vortices,  many  of  which  are  undesirable.  Here  too,  vortex  breakdown  can  be 
useful  in  vortex  control.  This  paper  discusses  certain  aspects  of  axisymmetric 
vortex  breakdown  as  used  in  vortex  control  and  the  associated  difficulties  of 
defining  vortex  breakdown. 

The  commonly  accepted  phenomenological  definition  of  vortex 
breakdown  may  be  phrased  in  the  form  given  by  Paler  and  Leibovich:®  ...  the 
development  of  a  stagnation  point  on  the  axis,  followed  by  a  region  of  reversed  axial 
flow  encapsulated  by  a  greatly  swollen  stream  surface,  or  in  the  more  general  form 
as  expressed  by  Benjamin^  as  the  abrupt  and  drastic  change  of  structure  which 
sometimes  occurs  in  a  swirling  flow.  Retardation  of  the  axial  velocity  component 
can  be  achieved  above  a  certain  swirl  parameter  through  axial  pressure  increase 
in  the  form  of  diverging  streamlines,  continuously  or  abruptly,  or  through  jets 
or  obstacles  in  the  vortex  core  (Fig.  1).  The  occurrence  of  a  stagnation  point 
on  the  axis  results  either  in  axisymmetric  vortex  breakdown  in  the  form  of  a 
“bubble”,  with  possible  subsequent  disintegration,  or  in  nonaxisymmetric 
vortex  breakdown  in  the  form  of  a  spiraling  vortex  filament  caused  by 
instability.  The  flow  fields  in  both  forms  can  be  either  laminar  or  turbulent.  In 
the  turbulent  case  a  higher  degree  of  turbulence  occurs  after  the  bubble  or 
spiral  appears.  Disintegration  does  not  exclude  partial  swirl  recovery  as  seen  in 
Fig.  2a  taken  from  Lugt’s  PhD  thesis.®  Recent  reviews  of  the  various  theories 
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of  vortex  breakdown  are  given  by  Wedemeyer®,  Leibovich^,  and  Elscudier  et 
al.®  Hiese  reviews  include  discussions  on  the  link  of  vortex  breakdown  to  a 
supercritical  state  (that  is,  the  existence  of  stationary  waves  as  a  prerequisite 
for  vortex  breakdown),  the  role  of  instability,  and  the  influence  of  vorticity  on 
vortex  breakdown. 

The  term  “vortex  breakdown”  or  “vortex  burst”,  dating  back  to  about 
I960,*  is  justified  as  long  as  the  vortex  filament  disintegrates.  'Fhis  terminology 
reflects  the  view  that  vortex  breakdown  is  essentially  an  unstable, 
nonaxisymmetric,  and  time-dependent  phenomenon  which  may  be  preceded  by 
an  almost  axisymmetric  bubble.  A  quotation  from  Leibovich®  (p.  51)  reads:  ... 
flow  inside  the  bubble  form  is  not  axially  symmetric,  and  azimuthal  asymmetry  seems 
to  be  characteristic  of  the  bubble  as  well  as  the  spiral  form  of  breakdown.  Earlier 
studies  which  relied  heavily  on  the  axisymmetric  flow  model  may  not  be 
appropriate,  to  quote  Leibovich  (p.  52)  again. 

This  opinion  is  not  generally  shared.  Others,  Escudier  and  Keller,^®  for 
example,  advocate  the  opposite  point  of  view,  that  vortex  breakdown  is 
essentially  an  axisymmetric  flow  phenomenon  and  asymmetry  is  not  essential. 
Here,  opinions  are  divided  on  the  role  of  instability.  Some  researchers  still 
regard  instability  as  an  essential  ingredient  of  vortex  breakdown,  some  do 
not.®>i' 

Numerical  results  for  axisymmetric,  steady  vortex  breakdown,  which  do 
not  display  disintegration  or  spiraling  vortex  breakdown  downstream  of  the 
bubble, were  viewed  with  suspicion  as  indicating  either  possibly  unstable 
flows, ^  as  in  pipe  or  wing-tip  flows,  or  questioned  as  to  whether  they  indicated 
vortex  breakdown  at  all,^  as  in  container  flow.  The  first  argument  is  valid, 
depending  on  the  viscous  effects,  but  the  second  argument  is  not  since 
axisymmetric  and  steady  vortex  breakdown  conforms  with  the  above-cited 
definitions  of  vortex  breakdown. 

These  definitions  do  not  stipulate  that  the  flow  past  the  axisymmetric 
bubble  must  disintegrate  or  become  turbulent.  Recent  experimental  and 
computational  studies^®"  of  flow  in  containers  demonstrated  that 
axisymmetric  vortex  breakdown  is  a  stable  flow  configuration  in  a  certain 
parameter  range  without  downstream  disintegration,  and  the  transition  from  a 
flow  without  a  stagnation  point  on  the  axis  to  one  with  a  stagnation  point  is 
smooth  in  the  sense  that,  when  the  parameters  are  changed,  the  transition  is 
continuous.  Thus,  instability  does  not  account  for  the  occurrence  of 
axisymmetric  vortex  breakdown  and  is  not  inevitable  behind  the  bubble.  This 
view  is  contrary  to  the  one  presented  in  Ref.  15,  in  which  the  notation 
“stability  limits”  is  used.  In  container  flow  -  compared  to  pipe  and  wing-tip 
flows  -  a  higher  level  of  stability  exists,  because  the  recirculation  of  the  fluid 

*  In  waterspouts,  the  term  "vortex  burst"  was  used  much  earlier.  In  fact,  meteorologists  must 
be  given  credit  for  having  discovered  the  phenomenon  of  vortex  breakdown.  See  the 
forthcoming  paper  on  this  subject  by  the  senior  author 


and  the  geometry  (and  thus  the  greater  effect  of  viscosity)  keep  the  fluid  flow 
completely  stable  and  steady.  Hie  closed  container  situation  also  has  natural, 
unambiguous  wall  boundary  conditions  and  parameters  in  contrast  to  the  pipe 
or  outer  flows  for  which  assumptions  of  the  velocity  profiles  with 
corresponding  parameters  must  be  made.  Even  in  these  cases,  stable 
axLsymmetric  flows  have  been  observed,  as  the  ducted  exit  flows  of  burners^ 
demonstrate.  It  is  worth  mentioning  here  that  turbulent  axisymmetric  bubbles 
exist, indicating  how  stable  these  flows  -are  agmnst  non-axisymmetric 
disturbances. 

For  non-axisymmetric  vortex  burst,  instability  is  essential  to  account  for 
the  symmetry  breaking  from  an  axisymmetric  upstream  flow. 

The  term  “vortex  breakdown”  or  “vortex  burst”,  then,  is  improper 
when  no  disintegration  takes  place  as  in  the  axisymmetric  container  flow  (it  is 
too  late  now,  of  course,  to  change  the  wording).  This  is  probably  the  reason 
for  the  confusion  in  the  literature  on  the  labelling  of  “vortex  breakdown” 
versus  “recirculating  region”  of  the  axisymmetric  type  (Fig.  1).  For  instance, 
in  the  Gupta  et  al.  book  on  swirling  motion,^  the  recirculating  region  behind 
the  exit  nozzle  of  burners  is  not  considered  vortex  breakdown  (at  least  the 
term  is  not  used,  and  reference  is  made  to  a  “similarity”  between  the  two 
terms)  although  the  region  fullfills  the  criterion  for  vortex  breakdown:  the 
bubble  is  completely  surrounded  by  fluid  with  two  axial  stagnation  points  (Fig. 
Ic).  Vortex  breakdown  as  such  is  regarded  in  that  book,  p.  187,  as  an 
instability  problem.  Other  publications**'^*  treat  the  recirculation  region  clearly 
as  vortex  breakdown.  This  association  has  also  been  made  for  bubbles  in 
rotating  cylindrical  cavity  flows.*® 

The  confusion  is  compounded  when  there  is  no  axial  stagnation  point,  as 
might  happen  for  strong  bubbles  which  become  annular.  This  situation  will  be 
demonstrated  in  this  paper.  The  lack  of  an  axial  stagnation  point  was  also 
observed  by  Phillips**  in  non-axisymmetric  vortex  breakdown  when  the  spiral 
disturbance  spins  in  the  direction  opposite  to  the  vortical  rotation. 

If  a  rod  is  placed  along  the  vortex  axis,  the  phenomenon  of  vortex 
breakdown  can  still  occur.  Examples  are  furnished  in  Fig.  2b  for  the  case  of 
turbulent  spiral  vortex  breakdown*  and  by  Escudier  and  Keller*®  for  multiple 
bubble-  type  breakdowns.  On  the  other  hand,  this  conclusion  that  separation 
bubbles  are  considered  as  vortex  breakdown  may  not  be  reached  for  bubbles 
behind  the  centerbody  of  an  exit  nozzle  (Fig.  Id).  A  gray  area  of  vagueness 
exists. 

This  vagueness  is  supported  if  one  considers  that  the  placement  of  an 
obstacle  on  the  vortex  axis  transforms  the  vortex-breakdown  problem  to  a 
special  case  of  a  Taylor-Proudman  problem,**’**  that  is,  the  case  of  the  axis  of 
rotation  parallel  to  the  fluid  flow.  The  separation  zones  in  front  of  and  behind 
the  obstacle  can  be  interpreted  as  remnants  of  a  Taylor-Proudman  column  that 
would  extend  toward  infinity  for  vanishing  viscosity  and  would  be  demarcated 
by  two  characteristics.  Although  this  column  owes  its  existence  to  the  wave 
property  of  the  rotating  fluid,  it  must  be  distinguished  from  vortex  breakdown. 
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The  boundary  of  the  Taylor-Proudman  column,  degenerated  to  finite 
separation  regions  in  the  front  and  rear  of  the  obstacle  through  viscosity,  is 
determined  by  the  outer  dimensions  of  the  body.  Vortex  breaJcdown,  on  the 
other  hand,  is  a  wave  phenomenon  with  v/aves  perpendicular  to  the  axis  of 
rotation.  Thus,  the  separation  region  in  Fig.  Id  must  be  considered  a  remnant 
of  a  Taylor-Proudman  column,  whereas  the  flow  patterns  in  Fig.  2b  and  those 
described  by  E!scudier  and  Keller^®  can  be  attributed  to  vortex  breakdown.  The 
question  of  whether  any  separation  region  on  the  obstacle  can  be  related  to 
vortex  breakdown,  however,  remains  unanswered. 

The  present  study  on  this  subject  is  restricted  to  an  idealized  wing-tip 
vortex  as  a  special  kind  of  axisymmetric  flow,  with  and  without  obstacles  in  the 
vortex  core.  These  obstacles  are  intended  as  a  control  device  to  induce  vortex 
breakdown.  The  restriction  of  axisymmetry  is  used  in  the  present  study. 
Stability  must,  therefore,  be  verified  a  posteriori  elsewhere.  An  extension  of 
this  study  to  three-dimensional  flows  that  will  address  this  question  will  be 
reported  in  a  forthcoming  article. 

DESCRIPTION  OF  THE  FLOW  MODEL  AND  NUMERICAL  ALGORITHM 

An  axisymmetric  laminar  swirling  motion  is  assumed  that  is  described  by 
the  Navier-Stokes  equations  for  a  steady,  incompressible  fluid  flow  in 
cylindrical  polar  coordinates  r,  <p,  z  with  the  corresponding  velocity 
components  «,  v,  w.  Axisymmetry  requires  d/dp  =  0.  Then,  the  continuity 
and  the  Navier-Stokes  equations  reduce  to 


(1) 
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(2) 

(3) 

(4) 


The  independent  and  dependent  quantities  have  been  made 
dimensionless  by  the  core  radius  r*.  ,  where  the  (dimensional)  tangential 
velocity  has  its  maximum  value  v*  =  t;*n,ax>  *'*max  characteristic  length 
and  velocity,  respectively.  The  Reynolds  number  is  given  by  Re  =  r'*c'^*m3x/'^> 
with  V  the  kinematic  viscosity. 

The  problem  is  completely  defined  if  the  boundary  conditions  of  the 
infinite  flow  field  are  specified.  This  field  is  reduced  in  the  computational 
domain  to  a  finite  circular  cylinder  of  radius  r  =  /?  and  length  z  =  L .  At  the 


wall  of  the  cylinder  r  =  R  the  velocify  components  are 
u  =  0,  V  =  v(R)  «  1,  w  =  pressure  is  p^o-  A.t  the  axis 

r  =  0,  the  conditions  are  u  =v  =  0,  dwfdr  =  0,  and  dp /dr  =  0.  In  the 
entrance  area  r  =  0,  0<r</?,  the  boundary  conditions  are  given  by  the 
following  class  of  velocity  profiles  that  model  a  wing-tip  vortex:^^ 

«(r)  =  0. 


u(r) 


(5) 


«;(r)  = 


=  const  , 


and  by  the  pressure  gradient; 


it 

dz 


=  0  . 


(6) 


The  exit  conditions  atr  =  L,0<r<  R  tac 


for  all  variables  F. 


(7) 


According  to  Eq.  5  the  core  radius  is  r  =rj  =  1.122/y/^.  The  constant 
of  the  axial  velocity  component  in  Eq.  5  can  also  be  interpreted  as  the 
reciprocal  of  the  swirl  parameter  S  =  v*^^/W  .  The  parameters  describing 
the  problem  are,  thus,  Re,  S,  and  a. 

If  an  obstacle  is  included,  either  on  the  axis  or  around  the  axis,  the 
boundary  of  this  obstacle  is  determined  by  the  vanishing  normal  velocity 
component.  In  addition  the  nonslip  condition  must  be  considered.  A  thin  rod, 
a  nozzle,  and  a  sphere  were  chosen  as  obstacles. 

For  the  wing-tip  vortex  Squire**  derived  the  following  criterion  for 
vortex  breakdown  (or  to  be  more  precise,  a  criterion  for  the  existence  of 
infinitesimal  stationary  waves): 

S  >  \  .  (8) 


More  recently,  an  empirical  criterion  was  found  by  Spall  et  al.*^  which  is 
independent  of  the  Reynolds  number  for  values  larger  than  lOOS: 

S  >  0.88  .  (9) 


In  the  paper  by  Spall  et  al.*^  the  Rossby  number  Ro  —  VF/fl  and  the 
Reynolds  number  Re  =  Wr*c/i/  are  used  instead  of  S  and  Re.  Q  is  the 
angular  velocity  of  the  vortex  at  r  =  0.  These  parameters  are  related  to  each 
other  by 
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W  _  Vf 

O  r*g  fl  r*g  *>*inix 


0.569 
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(10) 


(11) 

He  elliptic  boundary-value  problem  of  Eqs.  1  through  7  is  a  well-posed 
problem,  and  solutions  represent  realistic  flows.  It  is  similar  to  that  described 
by  Grabowski  and  Berger^^  and  is  solved  in  the  following  way:  A  pseudo¬ 
compressibility  technique  developed  by  Chorin’^  has  been  used  with  a  pseudo¬ 
time  term  added  to  the  continuity  equation.  This  makes  the  Navier-Stokes 
equations  hyperbolic  in  time  and  permits  the  {q>plication  of  discretization 
methods  for  compressible  fluids.  He  nonlinear  inertial  terms  are  replaced  by  a 
third-order  upwind  differenced  TVD  (Total  Variation  Diminishing)  scheme 
developed  by  Ghakravarthy  et  al.,^’^  whereas  the  linear  viscous  terms  are 
discretized  by  central  difference  operators.  Details  of  the  solution  algorithm 
can  be  found  in  Gorski.^ 

The  grid  is  displayed  in  such  a  way  that,  in  the  area  of  high  resolution 
0  <  r  <  /?,  0  <  2  <  15,  the  grid  points  are  evenly  distributed,  whereas 
outside  this  area  the  grid  is  stretched  exponentially  (Fig.  3).  He  total  number 
of  grid  points  is  80  X  70  in  the  r-  and  z-  directions,  with  R  =  and 
L  =  60.  Figs.  4  through  6  show  the  grids  with  rod,  nozzle,  and  sphere  as 
built-in  obstacles. 

The  accuracy  of  the  computer  program  has  been  checked  with  results  of 
Grabowski  and  Berger^^  and  Lugt  and  Abboud*^  whose  data  were  obtained  by 
completely  different  numerical  techniques  based  on  the  streamfunction- 
vorticity  formulation.  He  i^reement  in  all  cases  is  good.  Moreover,  Lugt  and 
Abboud’s  streamline  patterns  concur  well  with  Escudier’s  photographs.*® 

He  results  of  this  study  are  presented  in  the  form  of  streamlines  and 
W' values  along  the  axis  of  rotation. 


RESULTS 

Numerical  data  have  been  obtained  for  flows  with  and  without  obstacles 
and  for  the  two  Reynolds  numbers  500  and  2500.  The  constant  o  is  assumed 
to  be  0  =  1  throughout. 

WITHOUT  OBSTACLES 

For  Re  =  500  the  streamline  patterns  and  u>-components  for  the 
sequence  of  cases  S  =  0.80,  0.82,  0.83,  0.85,  0.87,  and  1.05  are  shown  in  Figs. 
7  through  13. 

He  first  occurrence  of  a  bubble,  that  is,  vortex  breakdown,  happens 
between  0.80  <  S  <  0.82.  His  screes  fairly  well  with  the  criterion  of  9 
if  one  considers  the  large  scattering  of  data  from  which  that  criterion  was 
derived.  He  result,  however,  agrees  well  with  Grabowski  and  Berger’s 
output.'® 
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With  increasing  S  the  bubble  thickens  and  migrates  upstream  (Fig.  9). 
Simultaneously,  the  streamlines  near  the  axis  widen  farther  downstream  which, 
for  S  =  0.85,  results  in  a  second  bubble  (Fig.  10).  With  continued  increase  of 
S  the  two  bubbles  enlarge  (Fig.  11),  and  the  second  bubble  takes  the  form  of  a 
“cucumber”,  indicating  the  embryonic  state  of  a  third  bubble*^.  In  Fig.  12 
only  part  of  the  flow  field  is  displayed.  The  internal  structure  of  the  first  bubble 
agrees  with  that  found  in  the  literature.^'* 

The  axial  velocity  on  the  centerline  r  =  0  complements  the  above 
scenario.  Figs.  7  through  13  confirm  also  the  large  gradient  of  w  immediately 
behind  the  entrance  section  z  =  0.  Fig.  13  reveals  that  the  first  bubble  does 
not  have  axial  stagnation  points,  that  is,  the  bubble  is  actually  a  rotating  vortex 
ring  with  a  nonvanishing  axial  flow  component.  Indications  of  this 
phenomenon  are  observed  in  other  publications.^’**  This  means  that  the 
definition  of  vortex  breakdown  which  requires  the  existence  of  an  axial 
stagnation  point  must  be  phrased  in  a  more  general  form,  for  instance,  the 
form  by  Benjamin  given  above. 

The  results  for  Re  =  2500  are  very  similar  to  those  for  Re  =  500 
except  that  the  bubble  first  appears  at  a  slightly  higher  value  of  S,  that  is,  at 
S  =  0.85  (Fig.  14). 

WITH  OBSTACLES 

In  the  first  series  of  numerical  experiments,  with  obstacles  inside  the 
vortex  core,  rods  of  length  5  and  thicknesses  0.1  and  0.2  with  conical  endings 
(Fig.  4)  were  placed  with  their  front  at  r  =  4.5.  The  Reynolds  number  and 
swirl  parameters  chosen  were  Re  =  500  and  S  =  0.80  and  0.82  (Figs.  15 
through  17).  The  vortex  flow  around  the  thin  rod  shows  no  sign  of  flow 
separation,  whereas  the  thick  rod  exhibits  separation  toward  the  mid-section  of 
the  body  (Fig.  16).  Although  this  ring-shaped  separation  bubble  resembles  the 
bubbles  observed  by  Escudier  and  Keller'®  for  much  higher  Reynolds  numbers, 
one  may  hesitate  to  call  this  separation  vortex  breakdown  and  may  attribute  it 
to  normal  flow  separation  due  to  friction.  This  influence  of  viscosity  is  clearly 
noticeable  in  the  flow  situation  of  Fig.  17,  which  does  not  reveal  a  bubble, 
while  the  flow  without  a  rod  does  (Fig.  8).  Apparently  viscous  effects  around 
the  rod  suppress  the  occurrence  of  the  vortex  breakdown  bubble,  contrary  to 
what  experiments  with  high  Reynolds  numbers  show,  that  is,  a  rod  induces 
vortex  breakdown  in  an  otherwise  stable  vortex.*® 

One  expects  the  appearance  of  separation  regions  in  the  front  and  rear  of 
the  obstacle  to  be  remnants  of  Taylor- Proudm an  columns.  However,  the 
demarcation  between  vortex  breakdown  and  Taylor- Proudm  an  column  is  not 
well  defined. 

In  the  second  series  a  conical  ring  (“nozzle”)  was  placed  on  the  axis  of 
the  vortex,  with  the  larger  opening  upstream.  Again,  the  Reynolds  number 
and  swirl  parameters  were  chosen  to  be  Re  =  500,  S  ~  0.80  and  5  =  0.82 
(Figs.  18  and  19).  For  S  —  0.80,  for  which  the  flow  without  an  obstacle  does 
not  have  a  bubble,  the  streamlines  diverge  ahead  of  the  nozzle  without 


forming  a  bubble.  Directly  at  the  nozzle  entry  two  counter-rotating  vortex 
rings  appear,  and  inside  the  nozzle  the  streamlines  again  diverge  (Fig.  18). 
The  situation  is  quite  different  for  5  =  0.82.  The  streamlines  ahead  of  the 
nozzle  now  diverge  so  strongly  that  the  w-component  almost  reaches  zero  in 
Fig.  19.  The  counter-rotating  vortices  have  been  replaced  by  wavy  motions. 
The  (almost)  occurrence  of  vortex  brealcdown  in  front  of  the  nozzle  agrees 
qualitatively  with  experiments  for  high  Reynolds  numbers  that  show  spiral 
vortex  breakdown  in  front  of  the  nozzle.^ 

If  the  nozzle  is  reversed,  that  is,  the  smaller  opening  is  upstream,  the 
numerical  calculations  do  not  converge  for  Re  =  500,  S  =  0.80.  It  is 
suspected  that  a  steady-state  solution  does  not  exist  for  this  special  flow 
situation. 

In  the  final  series  a  sphere  was  introduced  into  the  axis  of  rotation.  This 
case  is  similar  to  those  studied  in  context  with  the  Taylor-Proudman 
column.^^’^®  The  surprising  re'iult  is  that,  in  addition  to  the  front  and  rear 
separation  regions  at  the  sphere,  vortex  breakdown  upstream  of  the  sphere 
occurs,  a  phenomenon  not  observed  in  previous  investigations  (Fig.  20).  The 
corresponding  flow  without  a  sphere  exhibits  no  vortex  breakdown  (Fig.  7). 

CONCLUSIONS 

The  placement  of  obstacles  into  the  core  of  vortices  as  a  means  of 
controlling  them  raises  questions  about  the  definition  of  vortex  breakdown. 
Whereas  it  is  generally  agreed  that  steady-state,  stable  bubbles  at  the  axis  of 
the  vortex  constitute  vortex  breakdown,  a  dilemma  exists  when  an  obstacle 
distorts  this  picture.  On  one  hand,  photographs  and  numerical  calculations 
reveal  a  clear  situation  of  vortex  breakdown  (Fig.  2b);  on  the  other  hand,  a 
separation  region  can  be  interpreted  as  a  truncated  Taylor-Proudman  column. 
The  following  distinction  is  made:  If  the  separation  regions  are  in  front  and  in 
the  rear  of  the  obstacles,  they  are  considered  remnants  of  Taylor-Proudman 
columns.  If  the  separation  regions  are  sidewise  on  the  body,  they  may  be 
attributed  to  vortex  breakdown.  Here,  however,  a  certain  vagueness  remains 
on  whether  these  separation  regions  might  also  be  interpreted  as  simple  viscous 
flow  separation  areas. 

For  the  low  Reynolds  numbers  chosen  in  this  study,  the  introduction  of 
a  rod  into  the  vortex  core  stabilizes  the  flow,  contrary  to  the  observation  made 
for  high  Reynolds  numbers.  A  nozzle  with  the  larger  cross-section  upstream, 
however,  can  cause  vortex  breakdown  in  front  of  it.  The  same  is  true  if  a 
sphere  is  used. 
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Fig.  1.  Skft(  l)o.s  of  stciicly-state  mcriclionai  stream  lines  of  axisym  metric 
vortex-breakdown  bubbles;  (a)  in  a.  diverging  tul^c,  (1))  at  an  abrupt 
enlargement  ol  a  tube,  and  (c)  at  tlie  exit  of  an  annular  tube  with  two 
dilferent  velocities  in  ring  and  core  of  the  tube,  (d)  The  bubble  behind 
the  center  body  of  the  exit  ol  the  tube  is  not  considered  vortex 
l)ieakdown . 
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Fig.  2.  Spiiiil  N  oricx  brcitkdou  n  in  a  liirbiilcnt  swirling  pipe  How  beliincl  an 
orilicc  made  ^•isibl(■  Iry  a  liollow-coi'c  cavitation  of  ga.s  along  the 
axis,  I  a)  W  ithout  a  rod.  d’he  l?eynol(ls  number  is  Re  10^.  defined 
by  the  average  axial  velocity  and  the  inner  diameter  of  the  pipe;  and 
(  b|  with  a  rod  at  the  axis.  ( I’liotographs  from  Ref.  a) 
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Fig.  5.  G'ricl  of  the  computational  half-plane  with  a  ring-shaped  body  at  the 
axis  ‘‘nozzle”. 


13 


T 


TT 
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Fig.  8.  Flow  field  for  Re  =  500,  S  =  0.82.  (a)  Meridional  streamlines,  and 
(b)  le-component  at  the  axis  of  rotation. 
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Fig.  10.  Flow  field  for  Re  =  500,  S  =  0.85.  (a)  Meridional  streamlines, 
(b)  w-component  at  the  axis  of  rotation. 
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Fig.  12.  Flow  field  for  Re  =  500,  S  =  1.05.  (a)  Meridional  streamlines,  and 
(b)  enlarged  section. 
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Fig.  14.  Flow  field  for  Re  =  2500,  S  =  0.85,  (a)  Meridional  streamlines,  and 
(b)  w-component  at  the  axis  of  rotation. 
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Fig.  16.  Meridional  streamlines  for  Re  ==  500,  S  =  0.80  with  a  rod, 
/?„  =  0  2. 
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a 


b 


Fig.  18.  [''low  field  for  Re  =  500,  .S'  0.80  with  a  nozzle,  (a)  Mcridion.nl 

streanilines,  and  (I))  M’-eoniponenl.  al  the  axis  of  rotation. 
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